The objectives of this work were to evaluate the relationship between phosphate adsorption in different mineral soil constituents of the clay fraction to determine the P recovery rate by the Mehlich-1, Mehlich-3, Bray-1 and CaCl 2 0.01 mol L -1 extractants as a function of incubation time of soil as well as to compare this rate with physical and chemical soil characteristics. In five soil samples five doses of P based on the maximum phosphate adsorption capacities (MPAC) of the soil, were applied, corresponding to 0, 0.2, 0.4, 0.8 and 1.0 level. The samples were incubated for 90, 60, 30, 15 and 0.5 days. The experiment consisted of a 5 x 4 x 5 factorial (five doses, four extractants and five different periods of incubation time) in five different soils, all distributed in blocks, with three replicates. The P content in soil was determined by the Mehlich-1, Mehlich-3, Bray-1 and CaCl 2 0.01 mol L -1 extractants. The soil characteristics that best correlated with the recovery rate of applied P were the remaining P (rem-P) and the MPAC. Soils high in gibbsite presented the highest P adsorption. Soils possessing high MPAC and the low rem-P presented higher reversibility for the non-labile P (residual P) for smaller time periods.
INTRODUCTION
The colloidal minerals found in the clay fraction are responsible for important physiochemical reactions in soil. The process of ion adsorption from the soil solution is an example of this phenomenon. In this context, phosphorous (P) has been widely studied since it is the nutrient with the highest economical impact on agricultural production owing to its low dry matter production per kg of applied nutrient ratio. This is due not only to P natural scarcity in tropical soils (Valladares et al., 2003) , but also for its low availability in clay and temperate soils (Rocha et al., 2005) .
The phosphorous capacity factor (PCF), also known as phosphate buffer capacity, is defined by the ratio of the amount of adsorbed P (Q) and P in solution (I), indicating the soil capacity to mantain a steady P concentration in solution. Both characteristics along with the clay mineralogy account for the speed at which it passes from the labile P to the non-labile P (Silva et al., 2003) .
Rolim Neto et al. (2004) stated that the adsorption process takes place in accordance with the order of prevalence of the following minerals: clay 2:1 < clay 1:1 < crystalline oxides of Fe and Al < amorphous oxides of Fe and Al. The phosphate adsorption by these soils is influenced by minerals presenting superficial grouping Fe-OH and Al-OH, in which the phosphate is absorbed by chemisorptions through covalent bound. Moreover, mineral structure and specific surface reinforce the adsorption effect (Mesquita Filho & Torrent, 1993) .
Not only in the central regions of Brazil, covered by savannah vegetation, but also along the coast, types of soils with high oxide content (hematite-Fe 2 O 3 , goethite-FeOOH -and gibbsite-Al (OH) 3 ) and/or kaolin-based soils are formed. Clay 2:1 is found in soils under the less-strong impact of weathering, as that found in the semi-arid climate of the Northeastern Brazilian and that which usually lies within irrigated perimeters. In such environments, the precipitation contributes towards the low availability of P to plants. This occurs due to the formation Al and Fe phosphate compounds in acidic soils or Ca phosphate compounds either neutral or alkaline soils (Hsu, 1965) .
The present work aims at evaluating the relation between phosphate adsorption in soils posing different mineral distribution in the clay fraction, the recovery rate of P by the Mehlich-1, Mehlich-3, Bray-1 and CaCl 2 0.01 mol L -1 extractants as a function of incubation time, as well as to correlate this recovery rate with some physical and chemical characteristics of these soils.
MATERIAL AND METHOD
Soil samples were collected from the subsurface (Table 1) after which they were air dried, ground and sieved through a 2 mm sieve, following EMBRAPA (1997) procedures for the chemical and physical analysis. The mineralogical composition of clay fraction was taken into account for selecting the soils (Figure 1 ).
The remaining P (P-rem) was determined as proposed by Alvares et al. (2000) . In order to assess the maximum capacity of phosphorus adsorption (MCPA), 2. et al., 2000) . The P doses were applied to soil through a CaCl 2 2H 2 O 0.01 mol L -1 solution stirred in a 125 mL erlenmeyer for a period of 24 h, and centrifuged for 5 min at 3000 rpm, after that were filtered and the P concentration was determined by colorimetry (Braga & Defelipo, 1974) . Langmuir linear isotherms (C/q = 1/ab+1/bC) were used in order to determine the MCPA (b) in mg cm -3 and the constant (a) related to the adsorption energy (AE) in L mg -1 . Table 1 . Identification, horizon, depth and the origin of the soil samples The clay fraction of soil samples was separated in order to prepare the slides for the mineralogical analysis by means of X-ray diffraction (Jackson, 1967) . The sample readings were done with a diffractometer fitted with a copper tube by using CuKa radiation at 20 mA and 40 kV.
A method proposed by Coffin (1963) and Schwertman & Taylor (1989) was employed for conducting an evaluation of the iron oxide crystalline degree found in the clay fraction. The amorphous Fe content (Fe oxalato ) and the crystalline Fe (Fe ditionito ) were determined by means of atomic absorption spectrometry.
Except for the VEo (pH 7.0), the soils were incubated in a mixture of CaCO 3 and MgCO 3 at a molar relation of 4:1 for a period of 60 days. The amount of carbonates added was based on the potential acidity (H+A1) of each soil.
The experiment consisted of a soil sample of 2 kg collected in plastic bags to which P doses were applied in a KH 2 PO 4 , NH 4 H 2 PO 4 e NaH 2 PO 4 solution that corresponded to the 0, 0.2, 0.4, 0.8, 1.0 MCPA of each soil (Table 3 ).
All samples were incubated for periods of 90, 60, 30, 15 and 0.5 days. These incubation periods were initiated at different times so that, on a single and last day, the various incubation times for soil were attained. Water content was kept at 80% of the field capacity all through the experiment.
At the end of the incubation, 100 g samples were removed from each plastic bag. The P recovered by the extractants
were determined in each treatment at a soil extractant ratio of 1:10 (4 cm 3 of air dried soil and 40 mL of the extracting solution). P evaluation in the extracted material was obtained by colormetry as recommended by Braga & Defelipo (1974) .
The data obtained were submitted to analysis of variance by the F test, and measurements were compared by ScottKnott test (p < 0.05). Correlations were made between the recovery rate of P by the extractants with both physical and chemical characteristics, and the regression analysis between the recovered P and the recovery rate of P as applied in relation to the doses and incubation time of all soils and extractants.
RESULTS AND DISCUSSION
Broadly speaking, the Mehlich-1 and Bray-1 extractants exhibited greater values of P recovery from the different doses applied and incubation times (Table 4) . Recovered P varied as a result of interactions between the extracting solutions at different pH levels, the dilution factor, the presence of ions and the different physical and chemical soil characteristics.
It was observed, however, that in treatments where no P was applied, there were small nonsystematic variations of recovered P at different incubation times. With the second dose, a slight decrease of recovered P was observed during incubation time for all soil (Table 4) .
On the VEo soil, the Mehlich-1 extractant overestimated the recovered P probably due to the solubilization of P linked to Ca (P-Ca) which suggests that both Mehlich-3 and Bray-1 extractants are more appropriate to soils found in areas of poor weathering such was the case of VEo. Silva et al. (2004) suggested that an intensification of research on methods of P extraction through Bray-1 and Mehlich-3 in soils of the semiarid Northeastern Brazil is needed.
In treatments involving longer periods of incubation (90 days), the soils presented P values recovered (out of MCPA applied) by extractants in the following order: VEo (51%), DYL 1 (20%), NVdf (8%), DYL 2 (6%) and DYRL (2%). The relation between P adsorption capacity and the mineralogical composition of the soils is similar to the sequence presented by Fox & Searle (1978) for tropical soils.
The DYRL high in gibbsite (Figure 1 ), presented the lowest values of recovered P, a result that disagrees with Bahia et al. (1983) who considered the goethite the main component of the clay fraction responsible for P adsorption in Central Brazil soils. It is possible that the greater adsorption capacity of P at the longest time of incubation for DYRL results from the presence of A1 amorphous oxides, commonly found in highly weathered oxisols . In order to establish a relation between recovered P, the applied doses of P and the incubation time, regressions were adjusted between the P recovered by different extractants as a result of the applied doses and incubation time (Table 5) . The finest adjustments (higher R 2 ) were obtained with the Mehlich-3 extractant. However, for all extractants, a decrease of recovered P with incubation time was observed as reported by other researchers (Larsen, 1967; Barrow & Shaw, 1975; Gonçalves et al., 1989) . In order to explain better this decrease, a cross-section in the response surface of recovered P by Mehlich-3 extractant was made (Figure 2 ), which confirmed the fact that for any type of soil, no matter how large the quantity applied at the longest incubation time, smaller P recoveries were accomplished.
The P recovery rate (Table 6 ) was estimated from the applied P. Regarding the incubation time and the extractants, rates varied from soil to soil, demonstrating how influential both the content and mineralogical features of the clay fraction can be on phosphate adsorption.
The soils that presented greater P adsorption capacity were the following: DYRL, DYL 2 and NVdf, as demonstrated by the smallest recovery rates of applied P (Table 6) , which points towards their highest capacity of P adsorption in soils with higher gibbsite, goethite and hematite content in their clay fraction (Figure 1 ). The effect of aluminum oxides in the adsorption has been much less important in spite of the significant role of gibbsite in the P adsorption -though lower than that of the goethite (McLaughlin et al., 1981) . In view of its substantial presence in some clay oxisols, its contribution in terms of total adsorption can, however, overpass that of iron oxides (Curi et al., 1988; Mesquita Filho & Torrent, 1993) .
In DYL 1 soil, in spite of the presence of goethite in the clay fraction ( Figure 1 ) principal responsible for the adsorption phenomenon (Bahia Filho et al., 1983) , the high P recovery rate of applied P did point towards the soil's low adsorption capacity (Table 6 ). The low clay content (Table 2 ) accounts for a decrease in the adsorption capacity of DYL 2 (Table 6 ) whose mineralogical composition is similar to that of DYL 1 (Figure 1) , though it presented 3.8 times more clay than that.
The VEo soil presented high recovery levels of the applied P (Table 6) ; however, it showed low adsorption capacity. In spite of its high clay content (Table 2) , there is a mineralogical predominance of clay minerals of 2:1 type, which is not so effective in the adsorption process but high contents of calcium present (Table 2) effectively contributed in precipitação which is also responsible for the non-availability of P due to the formation of low-solubility compounds such as calcium phosphates.
Comparing the adsorption capacity of DYL 1 and VEo, a similar behavior is observed between these two types of soil (Table 6 ) which call for the precipitation of P in alkaline soils such as the VEo -similar to the iron oxide adsorptive capacity found in acid soils with less clay such as DYL 1 .
***, **, *, ⊗ , ns significant at 0.1, 1, 5, 10% and no-significant, respectively. ds -Dose; t -time Though small, P reversibility of non-labile the labile does tend to increase in each incubation period thus P is retained with less energy whenever the adsorption surface becomes saturated (Rolim Neto et al., 2004) . In soils with smaller values of rem-P and higher values of MCPA (DYRL, DYL 2 and NVdf), a tendency of increase in recovery rate of appled P was observed following 60 days of incubation (Table 6) , which suggests that elevated doses of applied P and the fast transition from P labile to P non-labile contributed to the development of a possible residual effect of P as observed after an incubation period of 90 days. In soils with high Prem values and smaller MCPA (DYL 1 and VEo), the transformation of labile P to non-labile P takes longer time to develop a probable residual effect.
Contrary to the observation made by Gonçalves et al. (1989) , this study demonstrated that the mathematical relation between recovery rates of applied P based on the soils' MCPA and the different incubation times did not characterize a decrease of exponential nature.
Correlation between recovery rate of the applied P with the characteristics of the soils which reflect the status of P (Table 7) were also studied. As the clay content does not reflect adequately the buffering capacity of the phosphate in the soil, as demonstrated by Silva et al. (2004) , present study also showed that the recovery rate of applied P does not correlate with the clay content, indicating the importance of the mineral constituents of this fraction.
The recovery rate of applied P shows a positive and im- portant correlation with rem-P, and a negative no less significant correlation with MCPA, which once again suggests that rem-P is the most appropriate analysis at routine level to assess the P interaction with clay fraction minerals of soils where these elements are adsorbed. 
CONCLUSIONS

